length of the graft to rate of primary union, secondary union, or nonunion. The purpose of this study was to determine if a correlation exists between length of the vascularized fibula graft and primary union of the graft-recipient interface at the proximal and/or distal junction.
Materials and Methods
After approval from the institutional review board, the charts of 27 consecutive patients who underwent vascularized fibula grafting from 2002 to 2014 were reviewed. Patients were included if they underwent vascularized fibula grafting for the treatment of posttraumatic bone defects, infected nonunions, osteomyelitis, reconstruction following tumor resection, nonunions secondary to tumor reconstructions, and posttraumatic nonunions. Patients were excluded if they underwent the procedure for treatment of hip avascular necrosis (AVN) or congenital pseudoarthrosis, or did not have postoperative follow-up X-rays.
Of the 27 patients who underwent vascularized fibula grafting, one was excluded due to indication of AVN of the hip, one was excluded for nonunion of femoral neck secondary to a gunshot wound, and three were excluded for inadequate or no postoperative follow-up X-rays (graft lengths 15, 5, and 8 cm). One patient, with a graft length of 7 cm, was not included because the patient was readmitted to the hospital 2.5 weeks post-vascularized fibula grafting to the radius for resection of renal cell metastasis with respiratory failure from metastasis to the lungs and discharged to hospice. This left a total of 21 patients, 13 males and 8 females, with an average age of 31.5 years (7-72 years) (►Tables 1 and 2). The average length of follow-up was 30.2 months (range, 5-91 months).
From the operative reports, the indication for surgery, operative technique, length of the fibula graft used, and orientation of the graft in the defect were obtained. Orientation of the graft was determined based on the flow of the blood supply to the graft and was recorded as being placed antegrade or retrograde in the defect. Data collected included comorbidities such as diabetes, smoking history, and immune suppression (including chemotherapy and/or radiation treatment), as well as complications related to the surgery and any subsequent surgeries required to achieve union.
The postoperative follow-up clinical evaluations, radiology reports, and radiographs were reviewed to assess for union of the graft. The graft was considered united if radiographic review showed an uninterrupted external bony border between the fibula and recipient bone on at least three cortices as well as an obscured or absent osteotomy line (►Figs. 1 and 2). Clinical notes indicating union of the graft and radiology reports were also reviewed and used to corroborate radiographic findings. Radiographs were identified and reviewed in the Centricity PACS-IW (GE Healthcare IT, Little Chalfont, UK) digital radiography system. Primary union at the proximal and distal junctions with respect to the graft orientation and with respect to the limb was determined. Graft orientation refers to how the graft was placed in the defect, that is, whether it is placed antegrade or retrograde in the defect. Limb orientation refers to the anatomical orientation of the limb with the proximal referring to proximal part of the limb and distal referring to the distal aspect of the limb.
The length of the graft utilized and rate of primary union at the proximal and distal graft-recipient interface were analyzed. Pearson correlation coefficient was calculated to determine if a correlation exists between the length of the vascularized fibula graft used and nonunion of the graftrecipient site interface. The rates of primary union at the proximal and distal ends of the graft with respect to the limb and with respect to the graft were analyzed using chi-square or Fisher exact analysis, with a p < 0.050 considered statistically significant.
Results
The length of the graft did not have a significant correlation with the rate of nonunion at either graft/recipient junction (►Figs. 3-6). The correlation coefficients for the rate of union versus length at the proximal limb junction and proximal graft junction were both lower than 0.19 and were not statistically significant (►Figs. 3 and 4). The correlation coefficients for the rate of union versus length at the distal limb junction and distal graft junction were both less than 0.30 and were not statistically significant (►Figs. 5 and 6).
Overall, 71.4% (15/21) achieved complete primary union at an average of 8.7 months (5-22 months). Of the six patients who did not achieve primary complete union (both junction sites united), an additional procedure was successful in achieving union in an additional two patients, resulting in a combined primary and secondary union rate of 81%. One of these patients underwent autologous iliac crest bone grafting to the nonunion site, and with a bone stimulator healed after 4 months. The other patient underwent irrigation and debridement with revision of the hardware, and with use of the bone stimulator healed after 16 months.
Of the four remaining patients who did not achieve complete primary union of the graft, one patient has undergone multiple irrigation and debridements and currently has an antibiotic spacer in place. Another patient had infection of the graft with removal of the graft and arthrodesis of the elbow with autologous bone graft. The final two patients underwent autologous iliac crest bone grafting and revision of hardware and at last follow-up complete union had not yet occurred.
As stated earlier, a total of six primary nonunions occurred, of which one was a complete nonunion (neither end of the graft united). In the remaining five, one of the graft/recipient junctions united and the other did not. Vascularized fibula grafting was performed 11 times in the upper extremity and 10 times in the lower extremity (►Table 3). The average length of the graft in the upper extremity was 8.77 cm and 12.65 cm in the lower extremity, which was not statistically different (p ¼ 0.054). The rate of primary union in the upper versus lower extremities was 54.6 versus 90% (p ¼ 0.149). Rate of combined primary and secondary union was 72.7% in the upper extremity versus 90% in the lower extremity (p ¼ 0.586). The procedure was performed for tumor resection reconstruction/reconstruction of nonunions in nine patients, infected nonunions in seven patients, and traumatic nonunions/traumatic bone loss in five patients (►Table 4). The patients with infected nonunions had a primary union rate of 57.1% (four out of seven united) and an ultimate union rate of 71.4% (five out of seven) after a secondary procedure, which was not statistically different from the ultimate union rate for the patients who underwent the procedure for tumor resection reconstruction (p ¼ 0.175) or traumatic bone loss/nonunion (p ¼ 1.00). The primary union rate was different between the tumor resection group and the traumatic nonunion group (p ¼ 0.027), and the tumor resection group had a higher overall union rate than the traumatic group although not statistically significant (p ¼ 0.110; ►Table 4).
The surgical technique utilized (i.e., double-barrel vascularized graft vs. single, rigid vs. nonrigid fixation, and antegrade vs. retrograde placement of the graft) did not appear to have a statistically significant effect on union rates (►Table 5). A total of five patients had double-barrel vascularized fibula grafting with a union rate of 80% (4/5 united), whereas single vascularized fibula grafts had union rate of 68.8% (11/16 united, p ¼ 1.00). In terms of fixation, the graft was stabilized with either rigid fixation, which included compression plating and locked plating, or nonrigid fixation, which included screw, K-wire, or external fixator stabilization. The rigid fixation group had a union 
Discussion
The length of the fibula graft used did not significantly correlate with nonunion at either junction site. Increased graft length did not correlate with increased nonunion rate. Biomechanical studies looking at the stability at the junction sites of the vascularized fibula graft utilizing different fixation techniques have suggested that as lengths increase there is increase motion and stresses at the junction sites. 7, 8 This could lead to decreased union. One study based on biomechanical data suggested that single vascularized fibula graft should not exceed 15 cm.
7
Another biomechanical study suggested graft length should not exceed 12 cm. 8 However, clinical studies that have included information on length of graft and overall union have not found increased overall nonunion rates with longer grafts. 9 Furthermore, the length of the graft has not been found to correlate with other parameters of graft incorporation or healing such as graft hypertrophy. 10, 11 Increasing graft length has been associated with increased rates of graft fracture, 3 although no cases of fracture were seen in the present study. Increased graft length does not seem to result in lower union rates but may increase risk of complication.
Vascularized fibula grafting is a useful tool in the treatment of bone defects. The primary union rate in this study was 71.4% at an average of 8.7 months. Other series have reported union rates ranging from 41 to 100%.
3-6,9,11-16 Our results are in the middle of previously reported rates. In all but one patient, primary union occurred at least at one end of the graft, suggesting that when a nonunion occurs it is likely to be only at one of the junctions and not both. A study looking at the results of vascularized fibular graft for defects of the upper extremity has shown similar findings, reporting that 37 out of 40 junction sites healed.
17
To our surprise, we found that the proximal graft/recipient junction was more likely to go on to nonunion than the distal junction. A statistically significant worse primary union rate occurred at the proximal graft/recipient junction with respect to the limb orientation. This has not been previously reported in the literature. A study by Minami et al reported that 13 of the patients in their series achieved primary union at one end of the fibula and secondary at the other, but does not state at which end secondary union occurred.
3 A previous study by de Boer et al found no difference in the rate of union at the proximal and distal end of the transferred fibula, but that study looked at overall union, not just primary union. However, the same study found improved union rates at the proximal graft/recipient junction with use of stable internal fixation, which was not seen at the distal junction.
9
They also saw improved proximal union rates with the use of bone graft, which was not found to improve union rates at the distal junction. 9 These findings support the notion that the proximal junction has a slower or more difficult time healing. Note: The union rates achieved based on the indication for vascularized fibula grafting. The rate of primary union for the indication for surgery of tumor was significantly higher than for the indication for surgery of traumatic nonunion/bone loss (p ¼ 0.027). The rate of primary union was higher for the indication of tumor reconstruction than infection although not statistically different (p ¼ 0.063). The rate of primary union was not statistically different between the indications of infection versus trauma (p ¼ 1.00). The overall union rate was higher for the indication for surgery of tumor compared with trauma and infection, although not statistically significant (p ¼ 0.110 and 0.175, respectively). There was no significant difference in overall union rate between infection versus trauma (p ¼ 1.00).
Given these findings, one would expect that if a nonunion were to occur it would occur at the proximal junction. It is unclear why the proximal junction would have a higher rate of nonunion, but mechanical factors and vascularity of the fibula could play a role. de Boer et al postulated that the proximal graft junction would be slower to heal and unite than the distal because the proximal is typically located toward the diaphysis and the distal graft junction located toward the metaphsysis. 9 Faster fracture healing and faster union is expected in metaphyseal bone. However, in the present study the proximal end is not overwhelmingly toward the diaphysis. Another possible contribution to the slower union proximally could be related to the vascularity of the fibula. The fibula has both an endosteal and periosteal blood supply from branches off of the peroneal artery. The endosteal blood supply comes from the nutrient artery, which enters the fibula at the junction of the proximal one-third and distal two-thirds of the diaphysis and then gives rise to ascending and descending branches. The periosteal blood supply comes from eight to nine periosteal branches, which are mostly in the middle third of the diaphysis. The fibular head and epiphysis blood supply comes from a branch off of the anterior tibial artery. Perhaps, the more proximal portion of the fibula grafts represents more of a watershed area in the vascularity, which may contribute to slower healing at the proximal junction when used for nonunion repairs.
In the present study, the primary rates of union were higher in the lower extremity than in the upper extremity, although not statistically significant. This is somewhat surprising considering the length of the grafts utilized were on average shorter in the upper extremity. In another study looking at vascularized fibula grafting, the upper extremity reconstructions had a trend toward improved overall union rates. 9 In our study, there were more infected and traumatic bone loss and less tumor resection reconstruction as the indication for vascularized fibula grafting in the upper extremity than the lower extremity. In this series, those patients with severe open wounds and bone loss from trauma and infected nonunions had worse primary union rates than reconstruction of tumor resections. Other studies have shown worse rates of union in infected nonunions and osteomyelitis than tumor reconstructions. 2, 9 This could account for the lower rates of primary union in the upper extremity compared with the lower. There were weaknesses in the present study, namely, the retrospective nature of the study and the small sample size. Being retrospective in nature, it is difficult to control for all potential confounders when assessing rates of union of the graft and the role the length of the graft may play. The sample size was small consisting of only 21 included patients, which limits the conclusions that can be made and the extent of analysis made. However, this is a relatively uncommon procedure and the size of the study is average in terms of the reported studies in the literature. A larger sample size may have produced a more significant difference in the rates of union between the proximal and distal junction sites of the graft and further subanalysis of factors contributing to nonunion.
Conclusion
In summary, vascularized fibula grafting is a useful tool in the reconstruction of large bony defects with good rates of union. The length of the graft does not appear to have an association with the rate of primary union at either graft/recipient junction. Primary union reliably occurs at least at one end and complete nonunion of the graft is rare. If primary union is not achieved, likely the nonunion will have occurred at the proximal graft/ recipient junction with respect to the limb orientation.
